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Abstract 20 
 21 
The effect of pressure on melt viscosity was investigated for five compositions along the join An 22 
(CaAl2Si2O8) – Di (CaMgSi2O6) and four alkali silicates containing lithium, sodium and potassium 23 
in constant ratio of ~1:1:1, but alkali – silica ratios are varying. The experiments were performed in 24 
an internally heated gas pressure vessel at pressures from 50 to 400 MPa in the viscosity range from 25 
108 to 1011.5 Pa·s using parallel plate viscometry. The polymerized An composition shows a 26 
negative pressure dependence of viscosity while the other, more depolymerised compositions of the 27 
join An - Di have neutral to positive pressure coefficients. The alkali silicates display neutral to 28 
slightly positive pressure coefficients for melt viscosity. These findings are consistent with previous 29 
results on the viscosity of polymerized to depolymerized melts in the system NaAlSi3O8 – 30 
CaMgSi2O6 by Behrens & Schulze [Am. Min. 88,  (2003)]. Thus we confirm that the sign of the 31 
pressure coefficient for viscosity is mainly related to the degree of melt polymerization in silicate 32 
and aluminosilicate melts. 33 
 34 
35 
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Introduction 1 
For geologic systems, the interest in the role of pressure on the structure and dynamics of 2 
glasses and liquids is obvious, as pressure increases toward the interior of the Earth and approaches 3 
already several gigapascals in the Earth mantle. However, pressure might be an important parameter 4 
as well in processes of glass making and pressures in the regime of some hundreds of megapascals, 5 
occur e.g., in injection molding or pressure-assisted sintering. Changes of the melt viscosity upon 6 
pressurization will result in changes of the glass transition temperature and the working regime for 7 
glasses1, 2. Moreover, the enthalpy of glasses varies with confining pressure when glasses are cooled 8 
under pressure3. This has strong effect on the behaviour of glasses during re-annealing at ambient 9 
pressure, e.g. during re-working of glasses. Thus, knowledge of the effect of pressure on rheology 10 
of glass melts is required for understanding the kinetic and thermodynamic properties of such 11 
systems.  12 
Most of the investigated organic or inorganic melts show positive pressure dependence that 13 
means an increase of pressure hampers viscous flow4. Such behaviour is predicted by the “free-14 
volume” theory in which the melt viscosity is related to the difference between the measured 15 
volume and the volume of a densely packed structure (e.g., Ref. 5). However, it is well documented 16 
for some aluminosilicate melts, e.g. with albite, jadeite, dacite, andesite, tonalite and some basaltic 17 
composition, that the viscosity may decrease upon pressurization1, 6 - 9.  18 
Several attempts were made to explain the “anomalous” negative pressure dependence of 19 
viscosity. A first explanation was given by Gupta10 who postulated that the negative P dependence 20 
originates from a larger coefficient of thermal expansion of the glass compared to the liquid. 21 
Another explanation has been a decreasing polymerization upon pressurization due to larger partial 22 
molar volumes of bridging O atoms compared to non-bridging O atoms11. These authors argued on 23 
the basis of Adams-Gibbs theory taking into account the pressure dependence of the degree of 24 
polymerization of the melt, expressed as BO/(BO+NBO) with BO = bridging oxygen and NBO = 25 
non bridging oxygen, and its influence on the configurational entropy. Accordingly, an increase of 26 
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pressure for BO/(BO+NBO) > 0.5 triggers a decrease of the degree of polymerization and, 1 
therefore, an increment of the configurational entropy which causes a decrease of viscosity. Such 2 
anomalous effect should disappear at high temperature.  3 
A further approach to describe the pressure sensitivity of viscosity was proposed by Schmelzer 4 
et al.12. Starting from the free volume theory, these authors suggest that deviations from positive 5 
pressure dependence are possible, when the liquid’s thermal expansion coefficient is negative. 6 
Avramov2, 13 relates the viscosity to the total entropy of the system which varies as a function of 7 
temperature and pressure. Again the thermal volume expansion coefficient for the melt is the crucial 8 
parameter which determines the pressure dependence of viscosity, i.e. a negative pressure 9 
coefficient is due to a negative thermal expansion coefficient.  10 
While compositional and temperature dependence of viscosity are widely established, 11 
measurements on the pressure dependence of viscosity are scarce for inorganic glass melts. Studies 12 
were performed mainly at high temperature (low viscosity) on mineral compositions (e.g. albite and 13 
diopside) or mixtures of mineral compositions using the falling sphere method6, 14 - 23.  Few work 14 
was done on melted rocks or analogue glass compositions6, 9, 24 - 27. Only few data were determined 15 
in the high-viscosity, i.e. at temperatures in the range of glass transitions1, 8, 28, 29. The lack of such 16 
experimental data is due to technical difficulties in the measurements of viscosities under pressure. 17 
Using a parallel plate viscometer applicable in internally heated pressure vessels Schulze et al.8 and 18 
Behrens and Schulze1 demonstrated that the pressure variation of viscosity in the system Ab – Di is 19 
much larger in the range of glass transition than at superliquidus conditions15, 16. Furthermore, it 20 
was shown that the pressure coefficient increases monotonically with melt depolymerisation from a 21 
negative value for Ab to a positive value for Di. Subsequent investigations on andesite28, float 22 
glass29, and rhyolite27, 30 compositions indicate that the correlation between pressure coefficient and 23 
melt polymerization has general meaning for silicate melts.  24 
In the present study we have performed new high viscosity experiments in order to further 25 
elucidate the effect of melt composition on the pressure coefficient for viscosity. The first set of 26 
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measurements was carried out on melts along the join An (CaAl2Si2O8) – Di (CaMgSi2O6). The 1 
comparison with the data for the join Ab – Di1 gives insights to the role of alkalis vs. alkaline earth 2 
elements. Along both joins the composition varies from a nominally fully polymerized feldspar 3 
composition (with either Ca2+ or Na+ being incorporated for charge compensation of Al3+) to the 4 
strongly depolymerised diopside composition. In the second set of experiments we have studied 5 
alkali silicate melts with constant ratio of lithium, sodium, and potassium (≈1:1:1) but various ratios 6 
of alkalis to silica. The aim was to test whether silicate melts show similar variations of the pressure 7 
coefficient for viscosity with melt depolymerisation as found for aluminosilicates.  8 
 9 
Sample preparation  10 
Anorthite (CaAl2Si2O8) and diopside (CaMgSi2O6) glasses were prepared by fusion of mixtures of 11 
high purity carbonate (CaCO3) and oxides (Al2O3, SiO2, MgO). MgO and Al2O3 rapidly adsorb 12 
water in air and, hence, these components were heated up to 1073 K before weighing. For the other 13 
components drying at 383 K for several hours was sufficient. The mixture was homogenised in a 14 
ball mill for 10 – 15 minutes. Anorthite glass was melted for three hours at 1873 K in a platinum 15 
crucible and quenched by pouring on a brass plate. To improve homogeneity, the glass was crushed 16 
and sieved (to < 0.5 mm), melted again at 1873 K for one hour and quenched to room temperature 17 
inside the Pt-crucible. To allow stress relaxation the glass was annealed at ~ 1113 K for 18 
approximately one hour and then cooled to room temperature at a rate of 5 K/min. Diopside (Di) 19 
glass was produced by the same procedure except that a lower temperature (~ 1053 K) was used for 20 
stress relaxation. After synthesis cylindrical samples were cored from the glasses for the viscosity 21 
experiments, and thin sections were prepared for electron microprobe analyses and infrared 22 
spectroscopy. Intermediate compositions (An75Di25, An50Di50, An25Di75, in mol%) were prepared by 23 
mixing the appropriate proportions of crushed An and Di glasses and melting at same conditions as 24 
used for the Di glass.  25 
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The preparation of alkali-rich silicate glasses was more difficult due to intensive foaming 1 
during heating. Thus the mixture of oxides and carbonates was loaded stepwise in small portions 2 
into the Pt-crucible with interim fusion. After loading was completed, the melt was stored for three 3 
hours in the furnace and then quenched by pouring on a brass plate. In order to minimize alkali loss 4 
we used melting temperatures from 1673 K for LNKS (nominal molar ratio of alkalis and silica of 5 
1:1) to 1873 K for LNK4S (nominal molar ratio of alkalis and silica of 1:4). The alkali silicate 6 
glasses were stored in a desiccator filled with phosphoric pentoxide to avoid reaction with 7 
atmospheric water.  8 
Cores were drilled out of the glasses and polished on both base planes for viscosity 9 
measurements. Additionally, thin sections were prepared for electron microprobe analyses (EMPA) 10 
and thick sections (~0.5 mm) for IR spectroscopy. In the case of alkali silicate glasses cutting by a 11 
diamond saw and polishing of sections was performed using paraffin oil to avoid hydration of glass 12 
surfaces. 13 
 14 
Analytical methods 15 
The chemical composition of the glasses was determined using an electron microprobe Cameca 16 
SX100. Analytical conditions for glasses of the join An-Di were: an acceleration voltage of 15 kV, 17 
a defocused beam with spot size of 15 to 20 μm, a current of 15 nA, 2 sec counting time for Na and 18 
K and 5 sec for the other elements. Slightly different conditions were used for the alkali silicates: 15 19 
kV acceleration voltages, a defocused beam with a spot size of 4 to 20 μm, a current of 4 nA, 2 sec 20 
counting time for Na and K and 5 sec for the other elements. Calibration of the elements is based on 21 
the following standards: Na on albite, Si and Ca on wollastonite, Al on Al2O3, Mg on MgO. Lithium 22 
oxide cannot be analysed by electron microprobe and was estimated by difference of the total of 23 
weight percent of oxides to 100 wt%. The results of the analyses are listed in Tables 1. Na:K ratios 24 
of the glasses LNK2S, LNK3S and LNK4S are close to 1:1, while the estimated fraction of Li is 25 
lower than for the nominal composition. The calculated ratios of non-bridging oxygens to 26 
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tetrahedral cations (NBO/T = (Li+Na+K+2 Mg + 2 Ca – Al)/(Si+Al)31) based on microprobe 1 
analyses is also lower than planned. This is probably due to some loss of alkalis during synthesis 2 
and due to the uncertainty of the Li concentration based on the by-difference method. Assuming an 3 
error of 1 wt% for the Li2O content, the uncertainty of NBO/T is about 0.06. The anorthite glass has 4 
slight excess of Ca with respect to Al (NBO/T = 0.046, Table 1a) and as a consequence the 5 
intermediate compositions for the join An-Di are slightly more depolymerised than the nominal 6 
compositions.   7 
The water content of the glasses was measured by MIR (mid-infrared) absorption spectroscopy 8 
using an FTIR spectrometer Bruker IFS88 with an attached microscope IRscopeII. In the 9 
measurements we have used a globar light source, a KBr beam splitter, and an MCT detector. 100 10 
scans were accumulated for sample and background spectra with a spectral resolution of 2 cm-1. 11 
Spectra of alkali silicates and Di-bearing glasses are similar to those published in literature for 12 
glasses with excess of alkali and/or alkaline earth elements relative to aluminium (e.g. Scholze32; 13 
Zotov and Keppler33; Behrens and Stuke34). Here the peak height of the bands at 3550 and 2850 cm-14 
1 after subtraction of a background absorbance recorded at 4000 cm-1 was employed to measure the 15 
fraction of OH oscillators involved in weak and strong H-bonding, respectively34.  The total water 16 
in silicate glasses was calculated as the sum of both contributions:  17 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +⋅= 2850
2850
3550
35501802
εερ
AA
d
Cwater         Eq. 1 18 
where d is the thickness (in cm) of the analyzed sample, ρ the density (g/l) of the glass, ε the 19 
absorption coefficient (mol/cm-1) of bands at 3550 and 2850 cm-1 (71 ± 2.1 L·mol-1·cm-1 and 104 ± 20 
4.1 L·mol-1·cm-1, respectively34). IR absorption spectra of An100 glasses resemble those of other 21 
aluminosilicate glasses, i.e. the spectra show a single asymmetric OH stretching vibration band at 22 
3550 cm-1. Water contents for An100 were estimated using the average absorption coefficient of 67 L 23 
mol-1 cm-1 reported by Stolper35. The bulk water content of all the glasses is very low (≤ 0.022 wt%, 24 
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see Tables 1) and we do not expect any interference on the viscosity experiments. The alkali-rich 1 
glasses may have formed a thin hydrated surface layer during handling. However, we do not expect 2 
that this layer affects the viscosity measurements because the viscosity of hydrated glasses is much 3 
lower than that of the dry cores of the glass cylinders. 4 
 5 
Experimental procedures 6 
Viscosity measurements in the range 108.5 to 1011.5 Pa·s were carried out using a parallel plate 7 
viscometer operating under pressure in an internally heated pressure vessel (IHPV)8. For 8 
comparison some additional measurements on An, Di and An50Di50 glasses were performed at 9 
ambient pressure in the laboratory of P. Richet in Paris with the creep apparatus described in 10 
Neuville and Richet36. The viscosity was determined by measuring the rate deformation of the 11 
cylindrical sample with a length l as a function of an applied constant stress σ at fixed temperature 12 
using the following equation36  13 
)ln(3 dtld ⋅⋅=
ση           Eq. 2 14 
where η is the viscosity in Pa·s, t the time in seconds and l the measured length at time t. Details and 15 
operating conditions of the 1 atm creep apparatus and of the high pressure viscometer are reported 16 
in Neuville and Richet36 and Schulze et al.8 respectively.  17 
All the experiments at elevated pressures were run using the same procedure. Each experiment 18 
consists of 5 steps. (1) After insertion of the sample, the viscometer was pressurized at ambient 19 
temperature to 200 MPa in the internally heated argon pressure vessel (IHPV). (2) When pressure 20 
relaxation of the system was achieved, the target temperature was reached using three ramps while 21 
maintaining pressure constant29. The first ramp (40 K/min) was used up to a temperature 20 – 50 K 22 
lower than the melting point of the metal chosen for temperature calibration of the experiment. In 23 
our experiments we have used two foils of metals (on top and on bottom of sample) for calibrating 24 
the sample temperature and checking temperature gradients. Aluminium (melting point of 933 K at 25 
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0.1 MPa and 958 K at 400 MPa37) was used for the An-Di system, while tin (melting point of 505 K 1 
at 0.1 MPa and 524 K at 400 MPa38) or zinc (melting point of 692 K at 0.1 MPa and 705 K at 400 2 
MPa37) were employed for alkali silicates. A ramp of 5 K/min was applied in the range of ± 50 K 3 
around the melting point of the metal to enable precise temperature calibration. A third ramp of 40 4 
K/min was used until the starting temperature for the viscosity measurement was reached. This 5 
temperature was chosen as the temperature at which the viscosity was estimated to be 1011.5 Pa·s, 6 
the highest value of viscosity measurable using the viscometer. (3) Temperature was maintained for 7 
30 minutes to allow thermal expansion and mechanical relaxation of the viscometer. (4) When 8 
stable thermal conditions were achieved, small temperature increases by ± 5 – 10 K followed by 9 
dwells of ≈ 10 – 15 minutes were used to measure viscosities, a sufficient time to get steady state 10 
deformation (constant viscosity). 3 – 4 viscosity measurements at different temperatures were 11 
performed at each pressure. (5) Once the viscosity was measured at 200 MPa the pressure was 12 
varied for measurements at 300 – 400 – 100 – 50 MPa. Due to large shrinkage of the cylinders 13 
during some of the experiments (a shortening by 20%, which is less than the minimum starting 14 
length of 8 mm according to Schulze et al.8, is acceptable in creep experiments), the complete series 15 
of pressures could not be obtained for all the compositions.  16 
 17 
Experimental results 18 
Viscosity data obtained for melts along the join An-Di and for alkali silicates with different 19 
proportions of alkali and silica are summarized in Table 2a-b. Plots of the logarithm of viscosity as 20 
a function of the reciprocal of temperature are shown for the join An-Di in Figs. 1a-e and for alkali 21 
silicate in Fig. 2a-d. Within the small ranges of temperature the viscosity data are well represented 22 
by simple Arrhenian relationships  23 
 24 
0 exp a
E
RT
η η −⎛ ⎞= ⋅ ⎜ ⎟⎝ ⎠          Eq. 3  25 
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 1 
where η0 is a pre-exponential factor, Ea is the activation energy for the viscous flow, R is the gas 2 
constant and T is the temperature in K. The obtained Arrhenius parameters are listed in Table 3. It is 3 
noteworthy that these trends cannot be extrapolated beyond the experimental temperature range. In 4 
particular for the more depolymerised melts a Non-Arrhenian behaviour is expected39.   5 
 6 
Viscosity along the Anorthite-Diopside Join  7 
The viscosity of diopside melts as a function of temperature at four different pressure (0.1, 8 
200, 300, 400 MPa) is plotted in Figure 1e together with data and regression lines from previous 9 
studies8, 36, 40. Further measurements at pressure of 50 and 100 MPa, were not possible because of 10 
the large shrinkage of the sample after the earlier measurements. The new data for Di100 melt at 11 
ambient pressure are in excellent agreement with data from Neuville and Richet36 and Schulze et al. 12 
19998 while viscosities measured by Tauber and Arndt40 are 0.1 to 0.4 log units higher.  13 
The viscosity of Di100 melt systematically increases with pressure as shown in Figure 1e. The 14 
trend is roughly consistent with previous measurements of Schulze et al.8, however, the pressure 15 
dependence was found to be more pronounced in our new study (see also Fig. 2e). The new 16 
measurements at 200 MPa and 300 MPa yield viscosities which are in average 0.3 and 0.5 log units, 17 
respectively, lower than the previous data. After the experiments at 200, 300 and 400 MPa, the 18 
shrinkage of diopside sample was already too pronounced to enable further experiments at lower 19 
pressures. It is noteworthy that due to the large activation energy for viscous flow (see below) 20 
differences in sample temperatures by only 6 K at 200 MPa and 12 K at 300 MPa can cause such 21 
differences in viscosity. Thus, most likely the difference to data for Di100 published in Schulze et 22 
al.8 is due to small modifications in the experimental set up. For instance we used type S 23 
thermocouples instead of type K thermocouples, and the quartz pistons and the silver tube (see Fig. 24 
2 in Schulze et al.8) have slightly different sizes and shape. The internal consistency of the data sets 25 
for compositions An100 – An25Di75 (Fig. 1a-d) demonstrate the good reproducibility of temperature 26 
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within each experimental series. Thus, the pressure effect on viscosity is well elaborated with the 1 
high P-T viscometer. However, the accuracy of temperature is probably not better than ± 10 K for 2 
the measurements reported in this paper because of the sensitivity of the temperature distribution in 3 
the apparatus to small technical modifications.   4 
Viscosity data for the An100 melts at ambient pressure are comparable with results of Russell 5 
et al. (2003) 0, but slightly lower than reported by Taniguchi41. At elevated pressure the viscosity of 6 
the melt is systematically lower than at ambient pressure. However, in detail the trend of η with 7 
pressure is not clearly resolved. Viscosities at 100 MPa are similar to those at 0.1 MPa while 8 
viscosities at 50 MPa are close to data at 300 MPa (Fig. 1a). These apparent discrepancies reflect 9 
the limits of the experimental technique. The variation of η with pressure is relatively small for 10 
An100 compared to the reproducibility of η within an experimental series (± 0.15 log units, see also 11 
Schulze et al.8). The intermediate compositions An75Di25 and An50Di50 show no significant variation 12 
of viscosity with pressure while a pronounced positive pressure dependence of η is evident for 13 
An25Di75 (Fig. 1 b-d).  14 
Activation energies for viscous flow are around 1000 kJ/mol for both for An100 and Di100 15 
melts but systematically lower for intermediate compositions (Table. 3, Fig. 3a). An effect of 16 
pressure on the activation energy for viscous flow is not clearly resolvable on the basis of our data. 17 
The Ea calculated for anorthite melt is higher than that derived for albite melt (~500 kJ/mol by 18 
Behrens and Schulze1). As a consequence Ea decreases continuously along the join Ab-Di but 19 
shows a minimum along the join An-Di (Fig. 3a).   20 
 21 
Viscosity in the alkali silicate system LNKS, LNK2S, LNK3S and LNK4S  22 
Arrhenius plots for alkali silicate melts at various pressures are shown in Fig. 2a-d. In the 23 
case of LNKS the maximum pressure was 340 MPa because of technical problems with the 24 
thermocouple contacts at higher pressure. Measurements at 50 MPa were not performed with 25 
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sample LNK3S because of the large shrinkage of the sample in previous measurements. The lack of 1 
measurements at 300 MPa for LNK4S is due to a faulty contact which made it difficult to measure 2 
the temperature; only one measurement at the lowest T was taken. The experiments with LNKS, 3 
LNK2S and LNK4S yield slightly higher viscosity at 300 and 400 MPa than at lower pressures. For 4 
LNK4S viscosity data superimpose in the Arrhenius plot and a pressure effect is not resolvable.  5 
Activation energy for viscous flow is constant within error for LNKS and LNKS4 (Fig. 3b). 6 
In the case of LNK2S Ea appears to decrease systematically with pressure while for LNK3S there 7 
seemed to be a maximum of Ea at around 200 MPa. However, the variations in Ea are small and 8 
considering the experimental uncertainties we suggest that the data are consistent with constant Ea 9 
for these two compositions as well. As a general trend the activation energy increases with the 10 
degree of depolymerisation for silicate glass melts (Fig. 3c), consistent with an increasing fragility 11 
with increasing alkali content43, 46.  12 
 13 
Pressure effect on viscosity 14 
Using the Arrhenius equations we have calculated for characteristic temperatures the 15 
viscosities as a function of pressure (Figs. 4a-e, Figs. 5a-d). The reference temperatures correspond 16 
to those temperatures at which the viscosity equals 109, 1010 and 1011 Pa·s.  This allows direct 17 
comparison of melts with same rheological properties. The calculated reference temperatures vary 18 
strongly with the pressure. For instance the temperature at which viscosity at 200 MPa equals 1010 19 
Pa·s range from 1163 K for anorthite melt to 1044 K for diopside melt along the join An-Di and 20 
from 638 K for LNKS to 761 K for LNK4S in the alkali silicate system.  21 
The pressure dependence of viscosity of melts along the join An-Di is shown in (Figs. 4). 22 
Despite of the scatter of the data a slightly negative trend is evident for An100 while all other 23 
compositions of the join display slightly positive pressure dependences. As noted above, our new 24 
data for Di100 reveal a more pronounced pressure coefficient of viscosity than determined by  25 
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Schulze et al.8 (Fig. 4e) which can be explained by experimental uncertainties and the larger 1 
pressure range used in our study.  2 
In the set of alkali silicate compositions the largest pressure effects on viscosity are observed 3 
for LNKS and LNK3S while the latter one is less well documented since only four pressures were 4 
studied (Figs. 5). For the compositions LNK2S and LNK4S no significant variation of viscosity 5 
with pressure is visible.   6 
 7 
Discussion 8 
 9 
Apparent activation volume (Va) vs molar fraction of non-bridging oxygen 10 
The data on variation of viscosity as a function of pressure allows the determination of the 11 
apparent activation volume (Va). Va is related to the viscosity by an Arrhenian type equation  12 
 13 
0 exp a a
E V P
RT
η η +⎛ ⎞= ⋅ −⎜ ⎟⎝ ⎠         Eq. 4  14 
 15 
where Ea and Va are assumed to be constant in the narrow range of temperature and pressure. In the 16 
first step Va was calculated as ⎟⎠
⎞⎜⎝
⎛
∂
∂⋅⋅⋅=
P
TRVa
ηlog303.2 for each reference temperature, where R is 17 
the gas constant1. For each of the compositions the variation of Va with temperature is rather small 18 
compared to the error of Va (Fig. 6a). Therefore, in a second step we have fitted all viscosity data for 19 
each composition by Eq. 4 assuming that Ea and Va are constant. The results of simultaneous fitting 20 
of both parameters by least square regressions are listed in Table 4. The derived average apparent 21 
activation volumes are compared to data for other melt compositions in Fig. 6b. Variations of XNBO, 22 
concerning float glass29 and andesite26, (Fig. 6b) are a consequence of the addition of different 23 
amount of dissolved water in the melts.   24 
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The apparent activation volume shows roughly a trend of increasing Va with increasing melt 1 
depolymerisation expressed as the molar fraction of non-bridging oxygens XNBO (Fig. 6a). XNBO =0 2 
characterises a completely polymerized melt while XNBO=1 applies to a completely depolymerised 3 
melts. The molar fraction of non-bridging oxygen may change  with pressure45 as a result of 4 
coordination changes of network-former (i.e. transformation of [4]Al and [4]Si into [5,6]Al and [5,6]Si, 5 
respectively). However, such changes were observed at much higher pressures than used in our 6 
study44 - 47 and, hence, in first approximation the pressure effect on XNBO can be ignored in the range 7 
of 0 - 400 MPa.  8 
A detailed trend is difficult to elaborate on the basis of the data shown in Fig. 5a. The 9 
pressure dependence of viscosity in the range (109 to 1011 Pa·s) shows a dependence mainly 10 
determined by the degree of melt polymerization and less by the specific composition of the melt. 11 
Melts such as albite and anorthite (containing alkali and alkali earths respectively) have similar 12 
negative values of Va of -20.5 ± 2.6 and -17.5 ± 4.9 cm3/mol, respectively. This indicates that Va is 13 
mainly dependent on the degree of polymerization and is not sensitive to compositional variations 14 
in this case. All data in the An-Di and Ab-Di systems show negative pressure dependence for fully 15 
polymerized melts going to zero pressure dependence around a value of 0.17 for XNBO and positive 16 
pressure dependence for partially and fully depolymerised melts above this value. Results for alkali 17 
silicate melts are consistent with the trend of increasing Va with increasing melt depolymerization 18 
found in the An-Di and Ab-Di systems, although the dependence appears to be less pronounced. 19 
Data for the tonalitic composition Qz33Ab33An33 8, the DGG1 viscosity standard glass of the 20 
German Glass Technical Society (Deutsche Glastechnische Gesellschaft)8, float glass29, and an 21 
iron-free andesite analogue composition28 follow the general trend as well.  22 
It is noteworthy that Tinker et al.48, studying the variation of Va for Si self diffusion, found a 23 
transition from negative to positive activation volume for the system An-Di between values of 24 
NBO/T of 1.2 and 1.4. These values correspond to XNBO of 0.5 – 0.7, i.e. compositions in the range 25 
An25Di75 - Di100. Silicon diffusivity can be related to viscosity via the Eyring relationship49 and, 26 
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hence, these findings suggest a shift of neutral pressure dependence towards more polymerized 1 
melts for the system An-Di. Similar observations were made for the system Ab-Di (Behrens and 2 
Schulze1 and references therein).  3 
 4 
Glass transition temperature Tg 5 
The variation of the glass transition temperature in the system An-Di as a function of composition 6 
and pressure is shown in Fig. 7. The change of calculated glass transition temperature Tg as function 7 
of pressure for anorthite is higher (-3 K/100 MPa increasing pressure from 200 to 300 MPa) than 8 
calculated (-0.39 K/100 MPa) for the same composition by Taniguchi41. This difference can be due 9 
to the different methods of calculation of Tg. In our work the glass transition temperature is 10 
calculated using linear regressions of the viscosity data in the high viscosity range at pressure 11 
ranging between 0.1 to 400 MPa. Taniguchi calculated the Tg using the Williams-Landel-Ferry 12 
(WLF) equation modified for the calculation of Tg 41. With this method Tg is also calculated by 13 
fitting viscosity data but only data in the low viscosity range41 were available under pressure (range 14 
0.1 MPa - 2GPa). The Tg calculated by WLF-modified by Taniguchi41 for diopside gives a positive 15 
pressure dependence and equals + 3.4 K/100 MPa, in comparison the pressure dependence of glass 16 
transition temperature calculated in this work is + 6 K/100 MPa. 17 
 18 
Conclusion 19 
The effect of pressure on viscosity was investigated in the high viscosity range along the anorthite-20 
diopside join and in alkali metal silicate melts. Viscosity of diopside melt was measured in a larger 21 
pressure range than in previous study1. The viscosity of Di100 fit well, at 0.1 and 200 MPa, with the 22 
previous study8, while the viscosities measured at 300 MPa are 0.40 log units higher than the 23 
measurements of Schulze et al.8. As a consequence, the apparent activation volume for viscous flow 24 
Va in diopside melt was larger than determined by Schulze et al.8 (64.1 ± 4.9 cm3/mol instead 40.7 ± 25 
2.3 cm3/mol). Similarly to the polymerized albite melt anorthite melt shows a negative pressure 26 
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dependence of viscosity. The transition from negative to positive pressure dependence of viscosity 1 
occurs at XNBO≈0.15 in the system An-Di, similar as observed in the system albite-diopside1.  2 
The variation of viscosities with varying pressure in the alkali silicate system is also consistent with 3 
previous result of Behrens and Schulze1 with a slightly negative pressure dependence of viscosity in 4 
partially depolymerized LNK4S melts to positive in more polymerized LNKS melts.  5 
By comparing the results of this work with the previous results1 it is concluded that the 6 
pressure dependence of melt viscosities is more dependant on the degree of melt polymerization and 7 
less on the specific melt composition. Small change of XNBO in float glass29, due to the different 8 
water content (hence different composition), do not show large differences of pressure effect on 9 
viscosity. Along the anorthite-diopside join, at same XNBO, the higher values of Va occur at lower 10 
temperature (the effect of pressure becomes higher with decreasing the temperature) this was also 11 
observed in the system Ab-Di1). 12 
 13 
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Tables 1 
 2 
Table 1a Composition of glasses along the join An – Di in wt%. 3 
 An100 An75Di25 An50Di50 An25Di75 Di100
SiO2 45.43 (0.36) 44.94 (0.22) 48.30 (0.25) 51.47 (0.26) 55.63 (1.47) 
Al2O3 34.86 (0.33) 28.24 (0.21) 20.05 (0.10) 10.75 (0.03) 0.01 (0.02) 
MgO 0.03 (0.03) 3.73 (0.06) 7.93 (0.07) 12.63 (0.23)  17.91 (0.66) 
CaO 19.40 (0.49) 22.54 (0.23) 23.55 (0.04) 24.93 (0.09) 26.29 (1.04) 
K2O 0.01 (0.01) - 0.01 (0.03) - 0.01 (0.01) 
Na2O 0.15 (0.04) 0.04 (0.04) 0.06 (0.05) 0.03 (0.01) 0.06 (0.05) 
H2O 0.012 (0.001) 0.013 (0.001) 0.010 (0.001) 0.008 (0.001) 0.005 (0.001) 
Total 99.88 (19.96) 99.50 (18.38) 99.91 (17.92) 99.82 (19.42) 99.92 (21.14) 
      
NBO/T 0.05 0.34 0.70 1.22 1.97 
XNBO 0.025 0.155 0.299 0.468 0.661 
 4 
 5 
Table 1b Composition of alkali silicate glasses in wt%. 6 
 LNKS* LNK2S LNK3S LNK4S 
SiO2 - 72.92 (1.46) 77.89 (1.79) 78.40 (1.09) 
Li2O - 2.33 2.83 1.33
K2O - 15.04 (0.56) 11.60 (0.99) 12.44 (0.46) 
Na2O - 9.69 (0.09) 7.66 (0.11) 7.81 (0.26) 
H2O - 0.020 (0.002) 0.022 (0.001) 0.015 (0.001) 
     
NBO/T 1.33** 0.64 0.52 0.46 
XNBO 0.500** 0.277 0.232 0.206 
 7 
Notes. The total H2O content was measured by IR spectroscopy, the other components by electron 8 
microprobe except for Li2O which was calculated by difference to 100 wt%. 9 
(*) Nominal composition. The composition of the alkali silicate LNKS was not measured because of 10 
difficulties in the preparation and the analysis of the highly hygroscopic glass. 11 
(**) NBO/T and XNBO are calculated on the basis of a glass with a composition 12 
(Li0.33Na0.33K0.33)SiO213 
20 
 
Table 2a. Viscosity data along the join An-Di  1 
T 
(K) 
Logη 
(Pa·s) 
P 
(MPa) T (K) 
Logη 
(Pa·s) 
P 
(MPa) T (K) 
Logη 
(Pa·s) 
P 
(MPa) T (K) 
Logη 
(Pa·s) 
P 
(MPa) 
T 
(K) 
Logη 
(Pa·s) 
P 
(MPa) 
An100   An75Di25   An50Di50   An25Di75   Di100   
1154 10.88 0.1 1080 11.14 50 1055 10.78 0.1 1030 10.57 50 1017 10.74 0.1 
1145 11.25 0.1 1102 10.24 50 1068 10.27 0.1 1046 9.94 50 1028 10.25 0.1 
1165 10.42 0.1 1114 9.85 50 1038 11.48 0.1 1056 9.53 50 999 11.62 0.1 
      1029 11.92 0.1 1035 10.38 50 989 12.06 0.1 
1128 11.60 50 1080 11.32 100 1048 11.10 0.1    979 12.75 0.1 
1138 11.25 50 1103 10.36 100 1018 12.41 0.1 1033 10.89 100    
1148 10.82 50 1113 9.95 100 1008 12.86 0.1 1043 10.37 100 1032 10.48 200 
1158 10.38 50 1127 9.45 100 1043 11.37 0.1 1054 9.94 100 1043 10.04 200 
      1064 10.52 0.1 1033 10.81 100 1053 9.57 200 
1138 11.45 100 1080 11.32 200 1081 9.99 0.1    1069 8.89 200 
1148 11.03 100 1102 10.37 200 1089 9.61 0.1 1032 10.81 200 1036 10.44 200 
1158 10.61 100 1114 9.94 200    1041 10.35 200 1027 10.97 200 
      1052 10.94 50 1047 10.13 200    
1128 11.58 200 1102 10.55 300 1067 10.37 50 1053 9.96 200 1047 10.37 300 
1138 11.13 200 1113 10.11 300 1077 9.99 50 1022 11.22 200 1057 9.91 300 
1148 10.63 200 1128 9.58 300 1091 9.45 50    1066 9.44 300 
1158 10.24 200       1022 11.29 300    
   1078 11.43 400 1052 11.09 100 1037 10.64 300 1046 10.59 400 
1128 11.54 300 1102 10.55 400 1062 10.60 100 1052 9.98 300 1055 10.18 400 
1138 11.26 300 1114 10.08 400 1077 10.00 100 1041 10.41 300 1065 9.69 400 
1148 10.75 300    1097 9.23 100       
1158 10.33 300    1100 9.10 100 1037 10.69 400    
         1046 10.38 400    
1138 11.10 400    1047 11.27 200 1032 11.01 400    
1148 10.69 400    1057 10.77 200       
1158 10.32 400    1061 10.63 200       
      1071 10.17 200       
      1082 9.81 200       
      1092 9.44 200       
      1067 10.48 200       
               
      1059 10.89 300       
      1072 10.55 300       
      1080 10.15 300       
      1071 10.47 300       
               
      1067 10.58 400       
      1073 10.43 400       
      1063 10.74 400       
      1054 11.12 400       
 2 
3 
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Table 2b. Viscosity data in the alkali silicate system 1 
T (K) 
Logη 
(Pa·s) P (MPa) T (K) 
Logη 
(Pa·s) P (MPa) T (K) 
Logη 
(Pa·s) P (MPa) T (K) 
Logη 
(Pa·s) P (MPa)
LNKS   LNK2S   LNK3S   LNK4S   
624 10.91 50 714 11.08 50 731 10.90 100 734 11.09 50 
637 9.92 50 723 10.62 50 743 10.39 100 757 10.22 50 
641 9.58 50 733 10.21 50 753 10.01 100 767 9.88 50 
   742 9.83 50 763 9.65 100 744 10.66 50 
625 11.02 100          
637 10.01 100 715 11.06 100 728 11.21 200 734 11.17 100 
647 9.31 100 735 10.19 100 738 10.67 200 757 10.20 100 
   742 9.90 100 747 10.23 200 765 9.95 100 
624 11.20 150 723 10.63 100 757 9.86 200 743 10.73 100 
631 10.44 150          
636 10.02 150 721 10.62 200 753 10.19 300 735 10.98 200 
647 9.28 150 731 10.14 200 731 11.23 300 745 10.52 200 
   713 10.96 200 743 10.68 300 755 10.12 200 
626 11.07 200 734 10.02 200 753 10.25 300 757 10.08 200 
637 10.11 200 744 9.63 200 764 9.85 300 771 9.74 200 
630 10.56 200    733 11.09 300    
626 11.10 200 733 10.37 300    733 11.13 300 
638 10.00 200 743 9.94 300 732 11.04 400    
646 9.50 200 722 10.79 300 743 10.68 400 735 11.00 400 
      753 10.27 400 756 10.20 400 
626 11.15 300 706 11.30 400 763 9.89 400 766 9.82 400 
631 10.60 300 733 10.29 400 733 11.08 400    
637 10.40 300 743 9.84 400       
641 9.95 300          
            
626 11.08 340          
 2 
Notes. Viscosities at ambient pressure and elevated pressures were determined with two different 3 
apparatuses, see text for details. 4 
5 
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Table 3.  Arrhenius parameters for viscosity. 1 
Sample P (MPa) Logη0 (Pa·s) 
Ea 
(kJ/mol) 
n Sample P (MPa) Logη0 (Pa·s) 
Ea 
(kJ/mol) 
n
An100 0.1 -37.11 ± 0.46 1060 ± 10 3 An75Di25 50 -31.50 ± 2.02 881 ± 42 3
 50 -35.71 ± 1.96 1022 ± 43 4  100 -33.76 ± 0.76 932 ± 16 4
 100 -37.18 ± 0.05 1060 ± 1 3  200 -34.21 ± 1.70 941 ± 36 3
 200 -40.77 ± 1.52 1131 ± 33 4  300 -31.44 ± 1.18 886 ± 25 3
 300 -36.31 ± 3.80 1035 ± 83 4  400 -30.13 ± 1.00 858 ± 21 3
 400 -34.07 ± 1.10 984 ± 24 3      
           
An50Di50 0.1 -30.62 ± 0.91 838 ± 18 1 An25Di75 50 -31.72 ± 0.55 834 ± 11 4
 50 -30.70 ± 0.44 839 ± 9 1  100 -35.17 ± 2.85 910 ± 57 4
 100 -33.83 ± 0.76 904 ± 16 4  200 -32.92 ± 2.03 864 ± 40 5
 200 -32.72 ± 1.59 881 ± 33 7  300 -34.97 ± 1.40 905 ± 28 4
 300 -26.22 ± 5.16 771 ± 7 3  400 -34.83 ± 7.77 905 ± 154 3
 400 -28.55 ± 3.15 800 ± 64 4      
          
Di100 0.1 -38.73 ± 1.82 964 ± 35 5     
 200 -40.07 ± 2.78 1001 ± 55 6     
 300 -41.72 ± 2.15 1044 ± 44 3     
 400 -39.88 ± 1.30 1011 ± 26 3     
         
LNKS 50 -38.82 ± 1.30 594 ± 16 3 LNK2S 50 -21.77 ± 0.93 449 ± 13 4
 100 -39.42 ± 2.08 603 ± 25 3  100 -20.84 ± 0.07 437 ± 1 3
 150 -42.23 ± 4.29 637 ± 52 4  200 -21.40 ± 0.66 442 ± 9 5
 200 -40.29 ± 3.37 615 ± 41 6  300 -19.22 ± 1.26 415 ± 18 3
 300 -36.09 ± 7.18 566 ± 87 4  400 -17.58 ± 1.46 391 ± 20 3
         
LNK3S 100 -18.89 ± 0.55 417 ± 8 4 LNK4S 50 -16.78 ± 0.78 391 ± 13 4
 200 -24.24 ± 1.82 494 ± 26 4  100 -18.85 ± 1.4 421 ± 21 4
 300 -20.99 ± 1.14 451 ± 16 6  200 -15.87 ± 2.35 377 ± 34 5
 400 -18.15 ± 1.03 410 ± 15 5  400 -18.09 ± 0.26 409 ± 38 3
n is the number of viscosity measurements used for the calculation of Ea.  2 
Notes. Reported errors correspond to one standard deviation of the fit. Arrhenius parameters were only calculated if at 3 
least data for three different temperatures were measured. 4 
5 
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 1 
Table 4. Results of combined P-T fitting of viscosity data 2 
Sample XNBO T 
(K) 
P 
(MPa) 
Logη0 
(Pa·s) 
Ea 
(kJ/mol) 
Va 
(10-6 m3/mol) 
An100 0.025 1128 – 1158 0.1 – 400 -33.4 (2.87) 975.8 (63.0) -17.5 (4.3) 
An75Di25 0.155 1100 – 1127 50 – 400 -31.7 (0.85) 886.0 (18.1) 14.5 (2.0)
An50Di50 0.299 1047 – 1067 0.1 – 400 -31.7 (0.70) 858.7 (14.2) 13.3 (2.0)
An25Di75 0.468 1033 – 1054 50 – 100 -33.7 (2.77) 875.6 (55.3) 17.2 (4.3)
Di100 0.661 1027 – 1069 0.1 – 400 -39.4 (1.39) 975.5 (26.8) 64.1 (4.9)
       
       
LNKS 0.500 626 – 646 50 – 340 -39.3 (1.59) 599.8 (19.5) 15.4 (2.6)
LNK2S 0.277 713 – 744 50 – 400 -19.3 (1.52) 414.5 (21.2) 1.7 (2.7)
LNK3S 0.232 720 – 773 100 – 400 -18.8 (1.92) 412.6 (27.5) 18.2 (4.7)
LNK4S 0.206 735 - 771 50 – 400 -17.8 (0.90) 405.8 (13.8) -2.9 (1.9)
3 
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Figure captions: 1 
 2 
Fig. 1a-e. Arrhenius plots for melt viscosities in the system An-Di at various pressures. Data from 3 
Taniguchi41 T95and Russell et al.39 RGD03 are shown for comparison for anorthite melt. In case of 4 
diopside melts we have plotted also data from Schulze et al.8 S99 for 0.1 MPa (dashed lines), 200 5 
MPa (dashed-dotted line) and 300 MPa (dotted line). 6 
 7 
Fig. 2a-d. Arrhenius plots for melt viscosity of alkali silicate melts in the pressure range 50 – 400 8 
MPa. 9 
 10 
Fig. 3a-c. Activation energies for viscous flow in melts of the system An-Di (a) and in alkali 11 
silicate melts (b, c) in the high viscosity range. 12 
 13 
Fig. 4a-e. Pressure dependence of viscosity of melts along the join An-Di. Temperatures are chosen 14 
as the temperature at which viscosity equals 109 – 1010 – 1011 Pa·s at 200 MPa. Viscosities of Di100 15 
melts are compared with results \from Schulze et al.8 (S99). 16 
 17 
Fig. 5a-d. Pressure dependence of the viscosity of alkali silicate melts. Temperatures are chosen as 18 
the temperature at which viscosity equals 109 – 1010 – 1011 Pa·s at 200 MPa. 19 
 20 
Fig. 6a-b. Variation of the apparent activation volume (Va) for viscous flow with mol fraction of 21 
non-bridging oxygen (XNBO). (a) Va was evaluated separately for each of the reference temperatures 22 
indicated by the corresponding viscosities. Trend lines for the system Ab-Di derived by Behrens 23 
and Schulze1. (b) Compilation of average apparent activation volumes for viscous flow in silicate 24 
and aluminosilicate melts. Solid line reproduces the Ab-Di system from Behrens and Schulze1 and 25 
25 
 
dashed lines the 1 σ standard deviation. Error bars represent 1 σ standard deviation. [BS03 = 0; D07 1 
= 0; L03 = 0; S99 = 0]. 2 
 3 
Fig. 7. Glass transition temperatures Tg along the join An-Di in the range of pressures 0.1 to 400 4 
MPa compared to literature data at 0.1 MPa (grey line from Taniguchi41. 5 
6 
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Figures 1 a-e 1 
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Figures 2a-d 1 
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 Figure 3 a-c 1 
XDi (mol%)
0 20 40 60 80 100
A
ct
iv
at
io
n 
en
er
gy
 E
a (
kJ
/m
ol
)
700
800
900
1000
1100
1200
 50 MPa
  0.1 MPa
100 MPa
200 MPa
300 MPa
400 MPa
a
 2 
Ratio alkali:SiO2
0.2 0.4 0.6 0.8 1.0 1.2
A
ct
iv
at
io
n 
en
er
gy
 E
a (
kJ
/m
ol
)
300
400
500
600
700
 50 MPa
100 MPa
200 MPa
300 MPa
400 MPa
b
 3 
30 
 
NBO/T
0.0 0.5 1.0 1.5 2.0 2.5
A
ct
iv
at
io
n 
en
er
gy
 E
a (
kJ
/m
ol
)
200
400
600
800
1000
1200
1400
 50 MPa
 0.1 MPa
100 MPa
200 MPa
300 MPa
400 MPa
c
1 
31 
 
Figures 4 a-e 1 
 2 
32 
 
 1 
Figures 5 a-d 2 
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Figures 6 a-b 1 
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Figure 7 1 
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